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We study azimuthal gliding of the easy axis that occurs in nematic liquid crystals brought in
contact with the photoaligned substrate (initially irradiated azo-dye film) under the action of re-
orienting UV light combined with in-plane electric field. For irradiation with the linearly polarized
light, dynamics of easy axis reorientation is found to be faster as compared to the case of non-
polarized light. Another effect is that it slows down with the initial irradiation dose used to prepare
the azo-dye film. This effect is interpreted by using the previously suggested phenomenological
model. We present the theoretical results computed by solving the torque balance equations of the
model that agree very well with the experimental data.
I. INTRODUCTION
It is well known that irradiation of a photosensi-
tive (dye or polymer) layer with linearly polarized UV
(LPUV) or visible light may have a profound effect on
its properties by producing anisotropy of the angular dis-
tribution of molecules. In a liquid crystal (LC) brought
in contact with the irradiated layer, the surface order-
ing originated from the photoinduced anisotropy deter-
mines the anchoring characteristics such as the anchoring
strengths and the easy axis, ne, directed along the direc-
tion of preferential orientation of LC molecules at the
surface.
So, in this way, the light can be used as a means to con-
trol the anchoring characteristics of photosensitive mate-
rials. Technologically, this idea underlies the photoalign-
ment (PA) technique which is employed in the manufac-
turing process of liquid crystal displays for fabricating
high quality aligining substrates [1]. In the PA method,
the easy axis is determined by the polarization of the
pumping UV light, whereas the azimuthal and polar an-
choring strengths may depend on a number of the gov-
erning parameters such as the wavelength and the irra-
diation dose [2].
Macroscopically, overage orientation of LC molecules
in interfacial layers is described by the surface director,
ns, which is paralell to the easy axis at the equilibrium
spatially uniform state. The latter is no longer the case
when the orientational structure is deformed by external
(electric and/or magnetic) fields. So, in the presence of
field-induced director deformations, the surface director
may deviate from the easy axis.
It turned out that the easy axis itself may slowly rotate
under the action of strong (magnetic or electric) fields.
Over the past few decades this slow motion — the so-
called easy axis gliding – has received much attention
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as a widespread phenomenon observed in a variety of
liquid crystals on amorphous glass [3], polymer [4–13]
and solid [6, 11] substrates.
Recently, it was found that, in addition to magnetically
(electrically) induced gliding, there is the photoinduced
gliding of the easy axis in dye-doped liquid crystals [14,
15]. According to Ref. [15], this effect is driven by the
processes of light-induced adsorption/desorption of dye
molecules on an aligning polymer surface.
Slow reorientation of the easy axis also takes place on
the photosensitive layers prepared using the PA tech-
nique [11, 12]. So, in a LC cell with the initially irradi-
ated layer, subsequent illumination with reorienting light
which polarization differs from the one used to prepare
the layer can trigger the light-induced easy axis gliding.
Such gliding may be of considerable interest for applica-
tions such as LC rewritable devices [16].
In our recent paper [17] we have found that the pho-
toinduced azimuthal gliding of the easy axis on a pho-
toaligned substrate may occur when irradiation with lin-
early polarized UV light (LPUV) is used in combination
with an “in-plane” ac electric field (f = 3 kHz) produced
by the voltage applied in the lateral direction. This ef-
fect might be called the electrically assisted light-induced
azimuthal gliding of the easy easy.
In Ref. [17], the emphasis was on slow relaxation of
the easy axis back to the initial state after turning off
both the electric field and light. This stage of switch-
ing off relaxation was controlled by the four parameters:
the electric field strength E, the light intensity I, the
exposure time texp and the doze Dp of the initial UV ir-
radiation. It was found that, at certain combinations of
the governing parameters, relaxation considerably slows
down (up to several days).
So, the combined effect may be used to tune techni-
cal parameters of LC memory devices. Similarly, in the
earlier paper [18], an assisting in-plane electric field has
been used as a stimulating factor of the light induced
homeotropic-to-planar transition to improve the response
sensitivity of the photo-driven cells. In addition, it has
2Figure 1: Geometry of the experiment: (a) initial state;
(b) switching on an in-plane electric field combined with
NPUV irradiation; (c) switching on an in-plane electric
field combined with LPUV irradiation; (d) switching off
the electric field and light to measure the easy axis
azimuthal angle φe.
to be taken into account in applications of LC and PA
technique using different field combinations that involve
intense light beams along with strong electric fields (e.g.
in photonics [19]).
In this study azimuthal gliding of the easy axis in the
regime of switching on both the in-plane electric field
and reorienting (linearly polarized and non-polarized)
UV light (LPUV and NPUV) will be of our primary in-
terest. The layout of the paper is as follows.
In Sec. II, we describe the experimental procedure and
setup used to measure the azimuthal easy axis angle as
a function of time. The experimental results for the azo-
dye films prepared at different initial irradiation doses,
Dp, are presented in Sec. III. In particular, we find that,
in the presence of the assisting in-plane electric field,
LPUV and NPUV irradiation may equally produce slow
changes in LC surface orientation. Another effect is that
easy axis reorientation dynamics slows down with the
initial irradiation dose, Dp. In Sec. III A, we apply the
phenomenological model of azimuthal gliding [17] to in-
terpret the experimental data measured in the cells with
the azo dye layer prepared at different values of Dp. Fi-
nally, in Sec. IV we discuss the results and make some
concluding remarks.
II. EXPERIMENT
For our measurements, two differently treated glass
plates were assembled to prepare the planar LC cell.
The cell thickness was d = 17.4 ± 0.2 µm. The upper
glass plate with a rubbed polyimide film was to provide
the strong planar anchoring conditions. The lower one
with transparent ITO electrodes and the interelectrode
stripes (the gap was g = 50 µm) was covered with a film
of photoaligning substance, the azobenzene sulfric dye
SD1 (Dainippon Ink and Chemicals) [1]. The surface of
the azo-dye film was irradiated with linearly polarized
UV light (λ = 365 nm) so as to produce zones illumi-
nated at different energy exposure doses Dp ranged from
0.07 J/cm2 to 0.55 J/cm2. In this way, there were typ-
ically four zones that differ from one another in the ini-
tial exposure dose, Dp, and thus in the initial azimuthal
anchoring strength, W0. The nematic liquid crystal mix-
ture E7 was injected into the cell in an isotropic phase
by capillary action and then slowly cooled to room tem-
perature. Note that similar experimental procedure has
already been used in our previous study [17] .
Experimental set-up was based on a polarized micro-
scope connected with a fiber optics spectrometer and a
digital camera, where rotating polarizer technique was
used to measure the azimuthal angle φe characterizing
orientation of the easy axis. The measurements were car-
ried out at a temperature of 26 ◦C.
We used the irradiation of a UV lamp of 6W power
at the wavelength λ = 365 nm (absorption spectrum
for SD1 has a peak at 365 nm) as a reorienting light
beam which, as is shown in Fig. 1, was normally imping-
ing onto the bottom substrate coated with the azo-dye
layer. Referring to Fig. 1, for LPUV irradiation, the po-
larization plane was directed along the initial orientation
of LC molecules, n0, which is parallel to the electrode
stripes. So, LPUV light and the electric field make the
LC molecules align in the same direction.
Each measurement was conducted on a fresh area of
the cell, protected from the negative irradiation. In order
to register microscopic images and to measure the value
of the easy axis azimuthal angle, φe, the electric field and
light were switched off for about 1 min. This time inter-
val is short enough (dynamics at surface is considerably
slower than that in the bulk) to ensure that orientation
of the easy axis remains essentially intact in the course
of measurements.
III. RESULTS
Figure 2 shows the microscopic images obtained at
different exposure times for irradiaion with LPUV and
NPUV reorieting light. In this case, the in-plane ac
voltage (U = 100 V, f = 3 kHz) and the initial ir-
radiation dose (Dp = 0.27 J/cm
2) are kept constant.
Note that, when applying sufficiently strong electric field
(E = 2 V/µm) in combination with reorienting irradia-
tion for more than 30 minutes, memory effects take place.
It means that, after switching off the field and light, the
easy axis did not relax back to its initial state for at least
few months.
When an in-plane ac electric field is applied to the
transparent ITO electrodes, twist-like deformations of
LC director occur. In crossed polarizers, such deforma-
3Figure 2: Microscopic images of the cell (filter with
λ = 630 nm was used) in crossed polarizers for LPUV
and NPUV irradiation at different exposure times. The
interelectrode gap (g = 50 µm) is indicated. The ac
electric field is E = 2 V/µm and the initial irradiation
dose is Dp = 0.27 J/cm
2.
tions reveal themselfves as the bright stripes that can be
seen in Fig. 2.
Given the light intensity I = 2.6 W/m2, reoriention
dynamics at LPUV irradiation is considerably faster as
compared to the case of NPUV light. In order to pro-
duce variations of optical picture similar to those for
LPUV light, the intensity of NPUV irradition had to
be increased at least in four times from 2.6 W/m2 to
10.4 W/m2. This can be seen from Fig. 3 and Fig. 4,
where the easy axis angle φe is plotted against the irra-
diation time at different initial irradiation doses Dp for
NPUV and LPUV light, respectively.
According to Fig. 3 and Fig. 4, reorientation of the easy
axis slows down with the initial irradiation dose Dp that
determines the initial value of the azimuthal anchoring
strength. In [2], this anchoring strength was found to be
an increasing function of the dose Dp. So, the lower the
initial azimuthal anchoring strength the faster gliding is.
A. Model
We can now apply the phenomenological model for-
mulated in [11, 17] to describe this effect. According
to this model, the anchoring characteristics of the pho-
toaligned layer such as the easy axis, ne, are determined
by orientational order of LC molecules adsorbed by the
azo-dye film. The adsorbed molecules can be divided into
two ensembles characterized by two mutually orthogonal
directions of preferential orientation of long molecular
axes: n0 and n2, n0 ⊥ n2. Interestingly, this assumption
bears a resemblance to the dual-axis models previously
employed to study competetive effects of photoalignment
and microgrooves [20] and to describe the anchoring tran-
sitions on substrates irradiated with light and a plasma
beam [21, 22].
Ordering of the first ensemble is governed by the ori-
entational order parameter of the azo dye layer induced
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Figure 3: Easy axis angle as a function of the
irradiation time measured in the samples prepared at
different initial irradiation doses Dp. The reorienting
UV light is nonpolarized with λ = 365 nm and
I = 10.4 J/m2; the applied voltage is U = 100 V.
by the initial irradiation with linearly polarized UV light
(PA treatment made before the cell is filled with LC).
The direction of preferential orientation, n0, is dictated
by the azo-dye order parameter which is known to depend
on the irradiation dose Dp [2]. So, the initial number
of LC molecules in this ensemble N0(0) and the initial
anchoring strength W0(0) are determined by the initial
irradiation dose Dp.
When the cell filled with LC is irradiated by the re-
orienting light with polarization normal to the one used
at the preparation stage for PA treatment of the azo-
dye layer, absorbed LC molecules undergo light-induced
transitions to the second ensemble aligned along the vec-
tor, n2, orthogonal to n0. These transitions occur due
to reorientation of dye molecules interacting with the ad-
sorbed LC layer. Since the anchoring strengths, W0 and
W2, for the easy axes of the ensembles, n0 and n2, are
proportional to the corresponding numbers of molecules
N0 and N2: W0, 2 ∝ N0, 2, it can be concluded that the
strength W0 (W2) decreases (increases) with irradiation
time.
The second ensemble can also be populated by apply-
ing an in-plane electric field in the direction n2. It can
be explained in terms of adsorption-desorption processes
taking place in the near-surface layer of characteristic
thickness h. Initially, in the absence of electric field, the
surface director ns characterizing average orientation of
LC molecules in the near-surface layer is directed along
the easy axis n0. So, the adsorption-desorption processes
do not influence the undisturbed angular distributions
of LC molecules in the absorbed and near-surface layers
which are initially identical.
An electric field E produces a twist deformation on the
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Figure 4: Easy axis angle versus the irradiation time at
different initial irradiation doses Dp. The reorienting
UV light is linearly polarized with λ = 365 nm and
I = 2.6 J/m2; the applied voltage is U = 100 V. Solid
lines represent the theoretical curves computed at the
indicated initial values of the anchoring parameter
w0 =W0(0)(ξ − h)/(2K22).
distance ξ defined as the electric coherence length:
ξ =
1
E
√
K22/(ε0∆ε), (1)
where ∆ε is the electric permittivity anisotropy, K22 is
the Frank elastic constant for the twist deformation. The
distance ξ decreases with E down to the values compa-
rable with the thickness of the near-surface layer h. In
our case, for the liquid crystal mixture E7 with the twist
elastic constant K22 ≈ 6.5 × 10
−12 N and the dielectric
anisotropy ∆ε ≈ 13.7, the electric coherence length ξ can
be estimated at about 0.12 µm.
Under this electic-field-induced deformation, the sur-
face director, ns, inclines towards the direction n2 (E ‖
n2 and ∆ε > 0). The absorption-desorption processes
involving exchange of molecules between the differently
aligned (absorbed and near-surface) layers will eventu-
ally produce reorientation of absorbed molecules along
the direction of the electric field. Note that, owing to
low probability of adsorption-desorption events, notice-
able changes may require very long periods of time. In
terms of the model, this can be described an increase
in the number of molecules N2 and in the anchoring
strength W2.
Though the mechanisms behind slow reorientation of
adsorbed LC molecules induced by light and electric
field are essentially different, in the phenomenological
model [11, 17], they can be treated along similar lines. In
particular, orientation of the easy axis ne characterized
by the azimuthal angle ϕe is defined by the balance of the
two torques arising from the two ensembles N0 and N2 :
the torque transmitted from the bulk by the near-surface
layer and the viscous torque proportional to the specific
viscosity of gliding γe. For the surface director ns with
the azimuthal angle ϕs, the analogues balance involves
the torque arising due to deviation of the surface direc-
tor from the easy axes (it is proportional to the surface
anchoring energy strength Ws), the torque transmitted
from the bulk and the viscous torque proportional to the
surface viscosity γs. The resulting system of equations
for the easy axis and surface director azimuthal angles,
ϕe and ϕs, was derived in [17] and can be conveniently
written in the following dimensionless form:
∂ϕe
∂τ
= [pi/2− ϕs]− we sin 2ϕe, τ = t/τe (2a)
∂ϕs
∂τ
= γ
{
[pi/2− ϕs]− ws sin 2(ϕe − ϕs)
}
, (2b)
where τe = γe(ξ − h)/K22 is the characteristic time of
easy axis reorientation; γ = γe/γs is the viscosity ratio;
we, s =We, s(ξ−h)/(2K22) is the dimensionless anchoring
parameter and We =W0 −W2 is the effective anchoring
parameter which defines the strength of coupling between
the easy axis ne and the initial state of surface orientation
described by the vector n0.
From the above discussion, the initial value of the easy
axis anchoring parameter (coupling strength) We is de-
termined by the initial irradiation doze Dp and equals
W0(0). In the course of irradiation with reorienting light
assisted by an in-plane electric field, the anchoring pa-
rameter We declines and can even become negative. The
latter indicates that the direction of preferential orienta-
tion at the azo-dye film is changed from n0 to n2.
For the purposes of modelling, the exponential depen-
dence
We =W0(0)−AL(1 − e
−t/τL)−AE(1− e
−t/τE ), (3)
where the characteristic times τL (τE) and the amplitudes
AL (AE) are related to the action of light (electric field),
can be regarded as a reasonable approximation.
Before making comparison between the model and ex-
periment, we shall dwell briefly on the general properties
of the dynamical system (2). Since the gliding viscosity
γe is typically several orders higher than the surface vis-
cosity γs, the viscosity ratio is large, γ ≫ 1. In this case,
in the initial stage of reorientation process, the surface
director angle, ϕs, changes abruptly reaching the adia-
batic regime. In this regime, the temporary evolution of
the angles is subject to the linking relation:
pi/2− ϕs = ws sin 2(ϕe − ϕs). (4)
So, the easy axis angle, ϕe, can be conveniently expressed
in terms of the surface director angle, ϕs, as follows:
ϕe = pikν +
pi
4
(ν + 1)−
(
ψs +
ν
2
arcsin[ψs/ws]
)
, (5)
where ψs = pi/2− ϕs, ν = ±1 and kν ∈ Z is the integer.
Then substituting the relation (5) into Eq. (2a) gives the
50 1 2 3 4 5
Anchoring ratio, w (=W
e
/W
s
)
0
0.5
1
A
zi
m
ut
ha
l a
ng
le
 e
qu
ili
br
ia
x pi
surface director angle
easy axis angle
w
+ w-wb
Figure 5: Bifurcation diagram for equilibria of easy axis
and surface director azimuthal angles computed from
Eq. (9) as a function of the anchoring ratio,
w =We/Ws, at ws = 0.4.
dynamic equation:
∂ψs
∂τ
=
√
w2s − ψ
2
s√
w2s − ψ
2
s + ν/2
Fν(ψs), (6)
Fν = w
(
ψs cos 2ψs + ν
√
w2s − ψ
2
s sin 2ψs
)
− ψs, (7)
where w =We/Ws is the anchoring ratio.
The equilibrium states characterized by the azimuthal
angles, ϕ
(st)
e and ϕ
(st)
s , can be found as the stable (at-
tracting) stationary points of the dynamical system (2).
It is not difficult to show that, at |ws| < 0.5, the
surface director equilibria are among the zeros of the
function, Fν , given in Eq. (7). More specifically, for
ψ
(st)
s = pi/2− ϕ
(st)
s , we have
Fν(ψ
(st)
s ) = 0, νF
′
ν(ψ
(st)
s ) < 0. (8)
The equilibrium conditions (8) can now be combined
with the expression (7) to yield the dependence of the
surface director angle equilibria on the anchoring ratio,
w =We/Ws, in the following parametrized form:
ϕ(st)s (w) =
{
w ≡ wν(t),
ϕ
(st)
s = pi/2 + t, −|ws| ≤ t ≤ |ws|,
(9)
where wν(t) =
[
cos 2t+ ν
√
w2s − t
2 sin(2t)/t
]−1
.
Figure 5 shows the bifurcation curves that are evalu-
ated using Eq. (9) and describe dynamical behaviour of
the model in relation the anchoring ratio.
It is seen that there is the only stationary value of
the surface director angle, ϕ
(st)
s = pi/2, provided that
w < w+ or w > w−, where w± = w±(0) = 1/(1 ± 2ws)
is the critical (bifurcation) value of the anchoring ratio.
The equilibrium values of the easy axis angle in these
two regions are: ϕ
(st)
e = pi/2 at w < w+ and ϕ
(st)
e = 0 at
w > w−. It means that, in the case of sufficiently large
coupling parameter We, where w > w−, the easy axis
gliding is completely suppressed, whereas, in the regime
of weak coupling with w < w+, the easy axis rotates
approaching the stationary state of the surface director,
n
(st)
s = n2.
As it can be seen in Fig. 5, when the anchoring ratio w
passes through the critical points w± the pitchfork bifur-
cations [23] occur and the stationary state ϕ
(st)
s = pi/2
becomes unstable. So, for the surface director angle
in the intermediate region with w+ < w < w−, there
are two symmetrically arranged stable stationary points:
ϕ
(±)
s = pi/2 ± ∆ϕ
(st)
s . In this case, gliding is not sup-
pressed, but, by contrast to the regime of weak coupling,
the equilibrium states of the easy axis and the surface
director are no longer identical.
Referring to Fig. 5, there is also the branching point,
wp = w±(ws) = 1/ cos(2ws), in this region. At w <
wp (w > wp), the equilibria are defined by the zeros of
the function F+ (F−). Note that the magnitude of the
equilibrium angle ψsts reaches its maximum, |ψ
st
s | = |ws|,
at w = wp. In the vicinity of these extrema, relaxation
will slow down. It follows from the expression on the right
hand side of dynamical equation (6) which is proportional
to
√
w2s − ψ
2
s .
In order to apply the model to interpret experimen-
tal data, the system (2) has to be solved numerically.
In Fig. 4, it is demonstrated that by using the model
we can obtain the theoretical results which are in good
agreement with the experimental data.
The parameters used for computing the curves are:
τe = 10 min, γ = 100 and ws = 0.45. Since K22/ξ ≈
5.4 × 10−5 J/m2, the azimuthal anchoring strength Ws
can be estimated at 2.4× 10−5 J/m2. For the easy axis
anchoring parameter we, we assumed the simplified ex-
ponential dependence we = w0 − ∆w(1 − e
−τ/τw) with
∆w = 1 and τw = 2. The only parameter that depends
on the initial dose is the initial value of the easy axis
anchoring parameter w0 = we(0). The values of w0 are
shown in Fig. 4: w0 = 0.003 (W0 ≈ 1.6× 10
−7 J/m2) at
Dp = 0.07 J/cm
2; w0 = 0.3 (W0 ≈ 1.6 × 10
−5 J/m2) at
Dp = 0.14 J/cm
2; w0 = 0.58 (W0 ≈ 3.1× 10
−5 J/m2) at
Dp = 0.27 J/cm
2; w0 = 0.64 (W0 ≈ 3.5× 10
−5 J/m2) at
Dp = 0.55 J/cm
2; and w0 = 1.7 (W0 ≈ 9.2× 10
−5 J/m2)
at Dp = 1.1 J/cm
2. So, typical azimuthal anchoring
strengths and the above estimates for Ws and W0 are
of the same order. As is expected, the initial easy axis
anchoring parameter W0 increases with the dose Dp. In-
terestingly, at Dp = 0.55 J/cm
2, the estimate for the
characteristic time γe/W0 = τe/w0 ≈ 937 s is close to
the value, γe/W0 ≈ 880 s, reported in Ref.[17] for the
liquid crystal mixture ZhK 616.
6IV. DISCUSSION AND CONCLUSIONS
In this paper we have studied electrically assisted pho-
toinduced gliding of the NLC easy axis on the pho-
toaligned azo-dye layer. Our experimental results indi-
cate that, in the presence of sufficiently strong in-plane
electric field, LPUV and NPUV light can both be effec-
tive in reorienting the easy axis. But, for NPUV irradia-
tion, the intensity of the pumping beam should be several
times higher than the intensity of LPUV light.
We have also found that reorientation dynamics of the
easy axis depends on the initial dose of UV irradition
used to prepare the azo-dye film. Reorientation is re-
tarded appreciably as the dose increases. So, it comes as
no surprise that the initial irradiation counteracts easy
axis gliding induced by the secondary irradiation with
differently polarized reorienting light.
It is shown that this effect can be described by us-
ing the phenomenological model previously suggested in
Refs. [11, 17]. The model was formulated as the dynami-
cal system of the balance torque equations (2) for the easy
axis and the surface director azimuthal angles. Its dy-
namical behaviour governed by the ratio of the easy axis
and surface director anchoring parameters, w =We/Ws,
is characterized by two pitchfork bifurcations. The bi-
furcation points,w+ and w−, are at the boundaries of
the regions with w < w+ and w > w− where dynam-
ics of easy axis reorientation occurs in the regimes of
weak and strong coupling, respectively. At w < w+
the easy axis rotates towards the equilibrium state with
ϕ
(st)
e = ϕ
(st)
s = pi/2, whereas, at w > w−, reorientation
is suppressed and n
(st)
e = n0 (ϕ
(st)
e = 0).
We have fitted the experimental data by numerically
solving the system (2). Despite the fact that good agree-
ment between the computed curves and the data (see
Fig. 4) counts in favour of the model, its theoretical jus-
tification has yet to be done. In particular, the model
in its present form cannot be applied to the case where
the reorienting light is non-polarized. In order to ana-
lyze this case, at least out-of-plane reorientation has to
be taken into consideration.
A deeper insight into complicated molecular mecha-
nisms behind the gliding under consideration requires
additional experimental studies and a more systematic
theoretical treatment of the processes involved. Such
treatment has to deal with the interplay of photoin-
duced ordering in azo-dye films [24] and the adsorption-
desorption processes [4, 15, 25, 26] underlying the gliding
phenomenon.
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